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Abstract 
 
Recent experimental reports suggest the formation of a highly spin-polarized interface 
(“spinterface”) between a ferromagnetic Co electrode and a metal-phthalocyanine molecule. 
Another report shows an almost 60% giant magnetoresistance (GMR) response measured on 
Co/H2Pc-based single molecule spin valves. In this article, we compare the spin injection and 
transport properties of organic spin valves with two different organic spacers, namely Tris(8-
hydroxyquinolinato) aluminium (Alq3) and Cobalt-Phthalocyanine (CoPc) sandwiched between 
half-metallic La0.7Sr0.3MnO3 (LSMO) and Co electrodes. Alq3-based spin valves exhibit clear 
and reproducible spin valve switching with almost 35% negative GMR at 10 K, in accordance 
with previous reports. In contrast, CoPc-based spin valves fail to show clear GMR response 
above noise level despite high expectations based on recent reports. Investigations of electronic, 
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magnetic and magnetotransport properties of electrode/spacer interfaces of LSMO/CoPc/Co 
devices offer three plausible explanations for the absence of GMR: (1) CoPc films are strongly 
chemisorbed on the LSMO surface. This improves the LSMO magnetic properties but also 
induces local traps at the LSMO interface for spin-polarized charge carriers. (2) At the Co/CoPc 
interface, diffusion of Co atoms into the organic semiconductor (OS) layer and chemical 
reactivity between Co and the OS deteriorates the ferromagnetic properties of Co.  This renders 
the Co/CoPc interface as unsuitable for efficient spin injection. (3) The presence of heavy Co 
atoms in CoPc leads to large spin-orbit coupling in the spacer. The spin relaxation time in the 
CoPc layer is therefore considerably smaller compared to Alq3. Based on these findings, we 
suggest that the absence of GMR in CoPc-based spin valves is caused by a combined effect of 
inefficient spin injection from ferromagnetic contacts and poor spin transport in the CoPc spacer 
layer. 
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1. Introduction 
 Spintronics is the emerging branch of condensed matter physics where in addition to the 
electronic charge, electron spins also carry information and spin quantum states are actively 
manipulated using external magnetic fields [1, 2].
 
Control over both the charge and spin of 
carriers enables multi-functionality, lower power consumption, increased integration density, and 
many other advantages to present day electronics. Organic or hybrid inorganic-organic 
spintronics is a new addition to this rapidly developing field where advantages of large spin 
polarization of ferromagnetic (FM) metals and half-metals and long spin decoherence times of 
organic semiconductors (OS) are explored [3–6]. 
 Organic spintronics is one of the major developments in the field of spintronics. In the 
past decade, several groups extensively investigated the spin injection and transport properties of 
different small molecules and polymeric OSs [7–9]. While many studies show significant giant 
or tunneling magnetoresistance (GMR or TMR respectively) for FM/OS/FM vertical spin-valve 
structures [8–12] and magnetic tunnel junctions (MTJs) [13, 14], there are also reports on the 
complete absence of spin injection in OSs [15]. Recently, it was found that the Hanle effect, one 
of the major criteria for confirming spin injection in conventional semiconductors, is missing 
from OS-based spintronic devices [16]. However, it is not clear whether the Hanle effect can be 
expected in systems where spin transport mainly occurs via incoherent hopping. Hence, spin 
injection and transport in OSs remain a matter of intense scientific discussion and debate. 
 Another important issue is the temperature dependence of the spin decoherence length in 
OSs. Previously, it was shown that the spin decoherence length in OSs is more or less 
temperature independent [17] and the loss of GMR signal in organic spintronic devices is mainly 
due to a decrease of spin polarization in half-metallic LSMO electrodes. Recent spectroscopy 
[18] and transport results indicate that besides the loss of spin polarization in LSMO, the spin 
relaxation in organic materials also increases with increasing temperature [19, 20]. In addition, 
the FM/OS interface is another important factor for efficient device performance and, despite 
some interesting results [21–25], the interface interaction mechanisms are not fully understood. 
 Magnetic field effects in OSs and their influence on the spin polarization of carriers 
inside organic spin valves is another relevant issue. In conventional spin valves and MTJs, the 
spacer or barrier layer consists of non-magnetic metals or dielectrics and the carriers are not 
affected by the magnetic field when passing through these layers. However, this is not the case in 
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organic devices. OSs do not have a well-defined band structure where delocalization of charge 
carriers can take place. In OSs, strong carbon-carbon bonds and weak van der Waals interactions 
between molecules result in transport properties that are mainly determined by intermolecular 
interactions. In most OSs, charge transport takes place through hopping between pseudo-
localized states. The motion of charge carriers via hopping can be significantly altered under the 
influence of an external magnetic field. Therefore, a sizable magnetoresistance effect, commonly 
known as organic magnetoresistance (OMAR), has been found in organic light emitting diodes 
[26], transistors [27] and single films without any FM electrodes. Although the exact origin of 
OMAR is still under debate, it is known that hyperfine fields inside the OS [28] and the presence 
of both types of carriers (electrons and holes) [29] contribute to large magnetic field effects. In 
hydrocarbons, for example, spin-polarized carriers precess around local hyperfine fields and this 
causes the carriers to lose their initial spin orientation. Therefore, it has been suggested that OSs 
with small hyperfine fields could be an ideal choice for obtaining large spin relaxation lengths 
and significant GMR responses in spin-valve devices with relatively thick barriers [28]. Also 
experimentally the role of hyperfine interaction has been demonstrated [30]. Due to the presence 
of shallow (~0.1 eV) and deep (~0.5 eV) trap states and impurities, the charge carrier mobility of 
OSs is several orders of magnitude smaller than that of inorganic semiconductors (high quality Si 
single crystals have a mobility of ~10
3
 cm
2
 V
-1
s
-1
). This often leads to a time-dependent OMAR 
effect where the magnitude of the magneto-resistance depends on the scan speed of the external 
magnetic fields. Large hysteretic OMAR responses have been observed in devices with different 
OSs [31, 32]. Therefore, to work as an efficient spin transporting layer, it is of the utmost 
importance to utilize an OS material with high charge carrier mobility. 
 Among different OSs, metal-phthalocyanines are widely studied for different electronic 
applications such as catalytic, opto-electronic and photovoltaic devices as these molecules 
exhibit robust thermal and chemical stability and tunable electronic and optical properties [33–
36]. Selection of the central metal atom and side groups can dramatically influence the electronic 
and magnetic properties of the phthalocyanine compounds due to variation in the number of 
unpaired electrons. Also, depending on the electronic and magnetic properties, the degree and 
nature of interactions with FM electrodes change and this can have significant consequences for 
the spin injection properties of organic spin valves.  
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When a transition-metal atom (Fe, Co) is placed in the center of the phthalocyanine ring, the 
ground state configuration varies depending on the ligand field splitting, which causes a 
substantial variety of electronic and magnetic ground states. For instance, the magnetic 
properties of Cobalt-phthalocyanine with molecular formula C32H16CoN8 (CoPc), arise from 
unpaired spins in the 3d orbitals of the central atom. CoPc has a magnetic moment of 1.09 μB  
[37] (much smaller than the isolated Co
2+
 ion, i.e., 5μB), but as a free molecule it is 
paramagnetic. A recent experimental study suggests the formation of a highly spin-polarized 
interface (“spinterface”) between a ferromagnetic Co electrode and a Mn-phthalocyanine 
molecule [23], which is extremely promising for spintronics. Also, a GMR effect of almost 60% 
has been achieved with Co/H2Pc-based single molecule spin valves [38].  
In the present work, we investigate the spin-injection and transport properties of half metallic 
oxide La0.7Sr0.3MnO3 (LSMO) and CoPc-based spin valves with a Co top electrode (i.e. 
LSMO/CoPc/Co). The properties of this spin valve are compared with Tris(8-
hydroxyquinolinato) aluminium (Alq3)-based spin valves prepared under the same conditions. 
Alq3 is one of the most studied OS spacer materials for organic spin valves. LSMO, a well-
known half metallic complex oxide, is used for its 100% spin-polarized conduction band and 
well-matched carrier density and workfunction with most OSs [39]. Devices fabricated under 
similar conditions show completely different spin injection and transport behavior and these 
differences are investigated and discussed in terms of the electronic and transport properties of 
the FM/CoPc interface and spin transport through the CoPc molecules.    
 
2.  Experimental 
LSMO films with a thickness of 150 nm and a surface roughness of ~4 nm were grown on single 
crystalline SrTiO3 (001) substrates using pulsed laser deposition (for details see Ref. 40). After 
removing the LSMO film from the PLD chamber, it was cleaned with acetone and isopropyl 
alcohol and mounted into a thermal evaporator. Either a 120 nm thick CoPc or Alq3 layer was 
subsequently deposited on LSMO. A ferromagnetic layer of Co with a thickness of 8-10 nm was 
deposited on top of the OS films through a mask and it was capped by an Al layer to prevent 
oxidation of the Co. All vacuum depositions were conducted under a pressure of 5×10
-6
 mbar. 
The effective area of the devices was 2 mm×2 mm. After fabrication, the samples were 
transferred to a cryostat and current-voltage (I-V) characteristics were measured at 10 K, 50 K, 
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and 100 K. GMR at different bias voltages and temperatures were measured by sweeping the 
magnetic field between +300 mT and -300 mT. Magnetization measurements as a function of 
temperature (M-T) and magnetic field (M-B) were conducted using a SQUID magnetometer. 
Photoemission spectra were measured using a Perkin-Elmer PHI 5400 spectrometer with a 
monochromatized Al Kα x-ray source that was operated at 14 keV. The analyzer pass energy 
was 18 eV. 
 
3. Results and discussions 
3.1. Magneto-transport properties of organic spin valves 
a. LSMO/CoPc/Co/Al  
The inset of Figure 1 shows a schematic diagram of the device structure. The I-V curves of the 
spin valve devices at 10 K, 50 K, and 100 K (main panel of Figure 1) show a clear nonlinear 
behavior which increases strongly with decreasing temperature. This response indicates the 
formation of a Schottky barrier at the FM/OS interface and it confirms the absence of metal 
shorts through the organic spacer. An asymmetry in the I-V characteristics is observed. This is 
attributed to a difference in the injection barriers of the LSMO and Co electrodes with the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
level of CoPc molecules. From the I-V characteristics, it can be clearly seen that the injection 
barrier is higher for negative bias voltages. Since negative bias represents carrier transport from 
the Co to the LSMO side, it can be inferred that the injection barrier height is greater on the Co 
side. Based on the unperturbed band diagram (left panel of Fig. 1), the work function of the 
LSMO and Co electrodes are very similar and therefore this should not result in an asymmetric I-
V curve. The observed asymmetry thus indicates a significant change of the interface energetics  
by interactions between the CoPc molecules and the FM electrodes. Such changes can occur 
either through interface dipole formation or chemical reactions, which both result in a 
modification of the injection barriers. 
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Fig. 1. Chemical structure of the CoPc molecule and energy band diagram of the spin valve 
device (left panel) and I-V curves of a LSMO/CoPc/Co/Al spin valve measured at different 
temperatures (right panel). The inset of the right panel shows a schematic diagram of the device. 
 
Despite the good I-V characteristics, magnetotransport measurements at different device 
currents do not show any significant GMR response (Figure 2), even at 10 K where the LSMO 
electrode exhibits almost 100% spin polarization. The noise level in the measurements is about 
3% for bias currents of 1 µA and 1.5 µA and it is slightly larger for a current of 2 µA. From this 
we conclude that the GMR response is well below 3%, if any at all, in CoPc-based spin-valve 
devices. The absence of a clear GMR signal indicates inefficient spin injection or detection, 
small spin-life time inside the CoPc spacer layer, or a combination of both effects.  
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Fig. 2. LSMO/CoPc/Co device resistance measured as a function of in-plane external 
magnetic field at three different device currents at 10 K.  
b. LSMO/Alq3/Co/Al  
Spin-valve devices with Alq3 spacers also show nonlinear I-V characteristics at 10 K, 50 K, 
and 100 K (Figure 3).  Although a little asymmetry in the I-V curves is present, it is 
considerably smaller compared to CoPc-based devices. Thus, the injection barrier heights 
from the LSMO and Co sides are nearly identical in the Alq3-based devices, as expected from 
their unperturbed band diagram (left panel of Figure 3). From this we conclude that the 
interface reaction between organic molecules and FM electrodes is not the same for all OS 
materials. This is especially true for Co which tends to penetrate into soft organic layers and 
form nano-islands. 
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Fig. 3. Chemical structure of the Alq3 molecule and energy band diagram of the spin-valve 
device (left panel) and I-V characteristic of a LSMO/Alq3 (120 nm)/Co (8 nm)/Al (100 nm) spin 
valve at different temperatures (right panel). The inset of the right panel shows a schematic 
diagram of the device. 
Magnetotransport measurements on spin valves with an Alq3 spacer show a clear and 
reproducible GMR response. Figure 4 compares the GMR effect at different temperatures. Here, 
GMR is defined as GMR = (RAP – RP)/ RAP, where RP and RAP are the device resistances for 
parallel (P) and anti-parallel (AP) magnetization alignment, respectively. At 10 K, a large 
negative GMR of almost 30% is observed for a current of 1 µA and the magnetic moments of the 
LSMO and Co electrodes switch abruptly. The GMR response decreases with increasing 
temperature.   
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Fig. 4. Resistance of a LSMO/Alq3/Co organic spin valve as a function of in-plane magnetic 
field obtained at three different temperatures and a constant current of 1 µA. 
 
Figure 5 shows the GMR response at 10 K for device currents of 1µA, 1.5µA and 2µA. Clearly, 
the GMR effect decreases and switching between P and AP magnetization states becomes more 
gradual with increasing current. 
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Fig. 5. Resistance of a LSMO/Alq3/Co organic spin valve as a function of in-plane magnetic 
field obtained at 10 K and three different currents. 
 
Our experimental data is in good agreement with previously published results on Alq3-based 
spin-valves [8, 41, 42] and MTJs [43], confirming reproducible device fabrication and 
characterization. The absence of a GMR response in our CoPc-based spin valves is therefore not 
due to experimental artefacts. This result is intriguing because encouraging spin-selective 
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interface (“spinterface”) formation between phthalocyanine molecules and FM metals has been 
shown recently [23] and high GMR values have been measured on other phthalocyanine-based 
spin valves [38]. To clarify the possible physical origins behind the lack of GMR in CoPc-based 
spin valves, we performed detailed photoelectron spectroscopy, magnetic and magnetotransport 
measurements on our FM/OS interfaces. As an initial working hypothesis we investigate the two 
most probable reasons for the absence of GMR: (1) inefficient spin injection at the FM 
metal/CoPc interfaces and (2) strong spin relaxation in the CoPc layer. We first consider the 
properties of the FM/CoPc interfaces.  
3.2. Electronic structure of FM/OS interface 
In our previous study on LSMO/region-regular P3HT interfaces [9], we showed that the organic 
layer strongly binds to the LSMO electrode. It has also been shown by different groups that the 
binding is mainly due to a chemisorption process based on charge transfer between the 
metal/half-metal and the organic molecules, which results in the formation of a strong interface 
dipole [44]. The interface dipole effectively modifies the electronic properties of the FM/OS 
interface and this can affect spin injection in spin-valve devices. To study the electronic 
properties of the LSMO/CoPc interface, we performed x-ray photoelectron spectroscopy (XPS) 
measurements on different samples: A pristine LSMO film, LSMO covered with a 5 nm and 15 
nm thick CoPc layer, and the same sample after washing the CoPc layer off. Because data on the 
Phthalocyanine/Co top interface has been published previously [45], we do not study this 
interface here. The XPS results show clear differences between the pristine LSMO core level 
spectra, pure CoPc spectra, and interface hybrid states. Figure 6 shows Mn 3s, O 1s and C 1s 
spectra from the four samples without any specific surface treatments. It can be seen that the O 
1s and C 1s peaks are modified by the application and subsequent removal of the CoPc layer.  
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Fig. 6: O 1s, Mn 3s, and C 1s core level photo-emission spectra of pure LSMO films, LSMO 
coated with 5 nm and 15 nm of CoPc, and LSMO after washing the CoPc layer with acetone and 
alcohol. 
 
For the pristine LSMO film, an O 1s peak around 530 eV is measured with a little shoulder on 
the higher binding energy side. This high energy shoulder is most probably caused by surface 
contamination (the surface was not specially treated or cleaned before XPS to keep the device-
like conditions intact), which is consistent with the appearance of a C 1s signal. The surface 
contamination, which can diffuse towards the CoPc film, may be the result of physisorbed, 
chemisorbed, and structural H2O together with hydroxide (OH–) and CO2 contributions [46]. 
Both CoPc-covered samples also contain oxygen due to their exposure to air. The main O 1s 
peak consists of three components arising from the three different oxide layers in the crystal 
lattice. In the case of LSMO, the binding energies of the three components from the higher to the 
lower binding energy side can be assigned to Mn–O, La–O, and Sr–O, respectively [47]. In the 
present case, we see that the application and subsequent removal of the CoPc layer slightly 
moves the LSMO O 1s peak towards higher binding energy, which suggests a change in Mn-O 
bonding environments. For CoPc, it has been previously reported that the O 1s peak originates 
from the adsorption of atomic O into the organic layer leading to the formation of a metal-
oxygen ligand [48]. Compared to the 5 nm CoPc coated sample, the peak position of the 15 nm 
sample is slightly shifted towards lower binding energy and the peak broadens for the washed 
sample. This evolution indicates that additional bonding between O and N and C may take place. 
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For FePc molecules, it has been shown that atomic oxygen adsorption changes the lineshape and 
intensity ratio of the peaks in the C 1s spectrun due to the emission from benzene (C=C) to 
pyrrole (C=N) carbon atoms [49]. However, in our case only some minor changes in the Co 2p 
lineshape are observed in the 5 nm and 15 nm thick CoPc films on LSMO and the washed 
sample does not show any shift of the binding energy in the Co 2p and N 1s spectra (not shown 
here). For Mn 3s, the exchange splitting of the Mn 3s electronic state (i.e., the peaks around 83 
and 89 eV) does not modify significantly after the application of a CoPc layer. For the sample 
with 15 nm CoPc coverage, the Mn peaks could not be clearly identified. Earlier, de Jong et al. 
[50] reported that the magnitude of the splitting of Mn 3s peaks in LSMO is associated with the 
amount of 3d electrons and therefore the average valence of the Mn ions. Fits of the Mn 3s 
spectra show the presence of three components around binding energies of 83 eV and 89 eV. 
Here, we included a minimum number of components to obtain a good fit. Although it is well 
known that spectral line fitting is not unambiguous, the presence of six peaks is fully supported 
by details of the experimental line shapes (e.g. shoulders and asymmetries). The extracted shifts 
of the second and third peaks with respect to the first peak amount about +1.2 eV and +2.4 eV. 
The individual components are most likely reflecting three different bonding environments (or 
chemical sites) for Mn atoms in the surface region of the LSMO film.  
In the C 1s spectrum of the pristine LSMO film, the main peak is dominated by carbon 
contamination from the atmosphere. However, when covered by CoPc the spectrum becomes 
broad and an additional shoulder emerges at higher binding energy. From lower to higher 
binding energy, the peaks generally denote benzene and pyrrole bonding. Upon additional CoPc 
coverage (15 nm), the C 1s peak moves towards lower energy, yet the lineshape remains almost 
constant. After removal of CoPc, the C 1s spectra does not change substantially. Thus, the 
presence of Co 2p, N 1s, higher binding energy O 1s, C 1s and modified Mn 3s peaks clearly 
signifies strong bonding of CoPc to the LSMO surface with a modification of the electronic 
interface states as result. 
3.3. Magnetic and transport properties of FM/OS interfaces 
Previously, it has been shown by x-ray magnetic circular dichroism (XMCD) that adsorption of 1 
monolayer (ML) of Mn-phthalocyanine (MnPc) molecules decreases the magnetic moment of Co 
from 1.73 µB to 1.67 µB (supplementary information of Ref. 23). From on-site local 
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magnetization density maps, it was also concluded that a strong antiferromagnetic (AFM) 
coupling between Co and C benzene sites leads to a reduction of the total magnetic moment of 
Co by 0.22 µB for all C atoms [23]. Although Iacovita et al. [51] have shown ferromagnetic 
interactions at the interface between CoPc molecules and Co nano-islands, they predicted that 
hybridization between Co 3d and N 2p states results in a reduced magnetic moment of 0.7 µB. 
Several other groups [52, 53] have also reported on a change in the Co 3d electronic distribution 
due to chemisorption and subsequently hybridization with phthalocyanine molecules leading to a 
suppressed magnetic moment of CoPc on Co or Fe substrates. The electronic modifications at the 
CoPc/FM interface not only change the magnetic properties, but likely affect spin injection at 
such interfaces. However, all these studies report on the magnetic properties of a FM metal when 
phthalocyanine molecules are deposited on top of the FM electrode. It is therefore interesting to 
obtain insights into the magnetic properties of Co when it is evaporated on top of phthalocyanine 
molecules (i.e. when Co is used as top electrode). To study this, we recorded magnetic hysteresis 
loop (M-B) for (a) a single CoPc (120 nm) layer, (b) a Co (8 nm)/Al (120 nm) bilayer, and (c) a 
CoPc (120 nm)/Co (8 nm)/Al (100 nm) trilayer using SQUID magnetometry at 10 K, 100 K, and 
300 K. The M-B loops for the Co/Al bilayer and CoPc/Co/Al trilayer at 10 K are shown in Figure 
7.  
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Fig. 7. Magnetic hysteresis loops of a Co (8 nm)/Al (120 nm) bilayer (squares) and a CoPc 
(120nm)/Co (8nm)/Al (100 nm) trilayer (circles) recorded at 10 K. 
The results suggest that 120 nm thick CoPc is purely paramagnetic (not shown here). The 8 nm 
thick Co film is ferromagnetic with a coercive field of 5 mT. The Co magnetic moment is 
drastically suppressed when it is evaporated on top of CoPc molecules. This result can be 
explained by systematic analysis of data reported in literature. For instance, photoemission 
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spectroscopy data from Schmitt et al. [45] show Co diffusion into the metal-Pc layer and the 
formation of nano-sized Co clusters rather than a continuous Co film when Co is used as top 
electrode. The study also shows that chemical reactions at the interface occur mainly by the 
oxidation of the Co layer. This oxidation process can be attributed either to the presence of 
residual gas in the deposition chamber or a reaction with the central metal atom of 
phthalocyanines. Recent results show that the magnetic state of cobalt oxide nanoparticles can be 
complex and effects such as coexisting weak ferromagnetism, exchange bias, etc. have been 
observed due to uncompensated spin on the surface and core of nanoparticles and exchange 
coupling between FM and AFM layers [54]. In any case, compared to pure Co, the magnetization 
of oxidized Co is much weaker (pure cobalt oxide is antiferromagnetic). Also, it has been shown 
that hydrogen atoms of the organic molecule form a strong H-Co bond via a chemical reaction, 
which reduces the surface magnetization of the Co film [55]. The interaction between the -
electrons of the organic molecule and the 3d electrons of the FM metal is anticipated to change 
the electronic states at the interface leading to modified interface magnetization. For example, 
density functional theory studies predict that the spin polarization at the interface changes as a 
function of the distance between the benzene ring and the FM metal [56]. Based on these 
observations and our experimental results, we conclude that the magnetization and spin 
polarization of the CoPc/Co interface are not very good causing inefficient spin injection and 
detection.  
To check the spin injection properties of the LSMO/CoPc bottom interface, we performed 
magnetic measurements on LSMO films coated with 5 nm, 10 nm, and 15 nm thick CoPc layers 
and the results are compared with the magnetic properties of pristine LSMO films (Figure 8). 
The M-T data show that the saturation magnetization (MS) and Curie temperature (TC) of the 
LSMO film are increased when the film is covered by CoPc. For the 5 nm coating, the saturation 
magnetization increases by almost 20% and TC increases by about 30 K (~10%). For the 10 nm 
and 15 nm CoPc coatings, the MS value decreases slightly, however, TC still enhances for the 10 
nm coating. No further changes in TC are observed for the 15 nm CoPc coating. The results 
indicate that chemisorption of CoPc on LSMO enhances the magnetic properties of LSMO. Also, 
the M-B loops show more abrupt switching and a decrease of the coercive field (HC) by nearly 
18% after deposition of CoPc on LSMO. The LSMO/CoPc interactions do not only affect the 
interface layers of the metal oxide and OS, but also change the electronic configuration of 
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subsequent layers up to a CoPc thickness of 10 nm. In LSMO, ferromagnetism arises from 
double-exchange interactions between mixed valence states of the Mn
3+
 and Mn
4+
 ions and 
hopping of eg electrons via oxygen ligands [39]. The hopping of eg electrons are critically 
dependent on the Mn-O bond length and Mn-O-Mn bond angle. Also, the ratio between Mn
3+
 
and Mn
4+
 ions controls the ferromagnetic interactions and because oxygen atoms change Mn
3+
 
into Mn
4+
, they modify the FM properties significantly. Therefore, the amount and position of 
oxygen atoms in the LSMO lattice plays a major role in determining ferromagnetism in LSMO. 
Also, it is well known that the abrupt discontinuation of oxygen bonds at the LSMO surface 
degrades the magnetic properties of the surface layers [57]. Our XPS data indicate the presence 
of additional oxygen peaks when the films are covered by 5 nm and 15 nm of CoPc and the 
oxygen peaks remain after washing the films with acetone and alchohol. This suggests that the 
oxygen layer of CoPc is chemically bonded to the LSMO. As a result, the amount of dangling 
oxygen bonds at the LSMO surface is reduced and the magnetic properties of LSMO surface are 
enhanced. Our data are in line with a SHIPS model [45], which also predicts an increase of the 
effective spin polarization of electrodes due to Ba with OS molecules such as Alq3. 
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Fig. 8. Magnetization (M) as a function of (a) temperature (T) and (b) magnetic field (B) for 
pristine LSMO films and LSMO films coated with 5 nm, 10 nm, and 15 nm of CoPc. (c) First 
derivative (normalized) of M as a function of T. The inset shows the extracted Curie temperature 
as a function of CoPc film thickness. 
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In addition to the magnetic properties, it is also important to understand the magnetotransport 
properties of the LSMO/CoPc interface. Here, we present magnetotransport measurements of 
pristine and CoPc-coated LSMO films, which were conducted by varying the magnetic field 
between -300 mT and +300 mT at 10 K. The data show that the adsorption of CoPc substantially 
increases the negative magnetoresistance of the LSMO films. This result is intriguing 
considering the fact that due to improved oxygen bonding, the magnetic properties of the 
LSMO/CoPc interface are enhanced and better metallic conduction is anticipated. However, 
previously it has been shown that the application of region-regular poly(3-hexyl thiophene) on 
LSMO increases the LSMO sheet resistance due to the formation of interfacial defects, dipole 
formation, and chemical reactions [58]. Also, XPS shows that traces of Co, N and C atoms are 
present at the LSMO interface even after the CoPc layer is washed off. Based on this, we 
conclude that CoPc deposition on LSMO enhances the defect sites at the LSMO/CoPc interface, 
which results in an increased scattering and trapping of charge carriers. The application of 
magnetic field suppresses the scattering leading to larger negative magnetoresistance in the 
LSMO/CoPc bilayer compared to the pristine LSMO film. Previously, charge trapping domains 
at the LSMO/Alq3 interface have also been reported by Prezioso et al. [59]. However, the nature 
of such defect sites at the LSMO/CoPc interface is not very clear and requires further 
investigation.                                                                       
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Fig. 9. Magnetoresistance of a LSMO film and a LSMO film coated by CoPc as a function of in-
plane magnetic field at 10 K. 
 
3.4. Spin transport properties of Co-Phthalocyanine layer  
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Our experiments show that Co diffusion and the formation of nano-islands at the top interface of 
organic spin valves degrade the magnetic properties and pose limitations on the efficiency of 
spin injection and detection at this interface. Also, the injection barrier height is modified by 
chemical reactions between Co and the CoPc molecule. For the LSMO electrode, the magnetic 
and spin polarization properties of the LSMO/CoPc interface are improved, but the observation 
of a significant low-field magnetoresistance effect suggests the formation of scattering and 
trapping sites at this interface. Hence, we infer that relatively good spin injection at this interface 
is likely, but low conductivity domains cannot be avoided. In addition, enhanced spin relaxation 
inside the CoPc spacer layer cannot be ruled out due to the presence of Co, which has a larger 
atomic weight than Al in Alq3. Spin-valves with a ~100 nm thick CuPc spacer and Co and Fe 
electrodes, for example, have been found to exhibit a similar GMR response as Alq3 based spin 
valves [60]. On the other hand, Yue et al., [61] have shown that the GMR of hybrid CuPc/Alq3 
junctions with a LSMO bottom and a Co top electrode is substantially decreased (by almost one 
order of magnitude) compared to single-barrier LSMO/Alq3/Co junctions. This large decrease of 
GMR was attributed to the inferior spin injection properties of the LSMO/CuPc interface due to 
a lowering of the injection barrier. The injection barrier heights of CoPc and CuPc electrodes are 
very similar [62]. Therefore, at least some spin injection should occur in our CoPc-based spin 
valves. The complete absence of GMR suggests that an injection barrier effect cannot fully 
explain the magnetotransport properties of the LSMO/CoPc/Co devices.  
A direct comparison of the spin transport properties of Alq3 and CoPc layers is complicated by a 
lack of data on spin diffusion lengths and spin relaxation times from identical experiments. Spin 
relaxation time measurements on CoPc molecules based on optical techniques and 
magnetotransport data of Alq3 molecules, however, provide some information. Gadalla et al. [63] 
reported on ultrafast spin relaxation dynamics in CoPc molecules and metal free H2Pc molecules. 
Their study shows that the spin relaxation time in CoPc is of the order of a few picoseconds (10
-
12 
s), which is similar to other phthalocyanin molecules containing transition metal ions [64]. The 
fast spin relaxation in CoPc was attributed to the presence of Co atoms. Coupling between -
orbital of molecules and the d-electrons of the transition metals is capable of providing additional 
channels for energy relaxation or fast relaxation via a charge transfer process. Therefore, it seems 
viable that although the LSMO/CoPc interface is suitable for spin injection, the spin polarization 
fully relaxes inside the CoPc spacer before the carriers traverse the 120 nm wide channel. In Alq3 
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molecules, on the other hand, the spin relaxation time is of the order of a few milliseconds [65], 
which allow charge carriers to retain their spin state over a large distance (up to hundreds of 
nanometers) at low temperature.  
The spin diffusion length is defined as      √       , where DS is the diffusion coefficient and  
TS is the spin relaxation time. DS is proportional to the mobility of the material (D = µkBT) and it 
is almost of the same order of magnitude for amorphous Alq3 [66] and CoPc molecules [67] with 
CoPc having slightly higher mobility. An approximately six orders of magnitude difference in TS 
(although comparison of real numerical value is unrealistic) would therefore lead to a three 
orders of magnitude difference in spin diffusion length between CoPc and Alq3. For most OS 
molecules the spin relaxation time is of the order of 10
-3
 to 10
-6 
s and, hence, large spin 
relaxation lengths can be expected. For metal-organic molecules, however, the zero field 
splitting value is rather large (~200 cm
-1
) compared to compounds without metal atoms (~0.1 cm
-
1
), which indicates substantially stronger spin-orbit coupling in these compounds [68]. The fast 
spin relaxation in organic materials with heavy metals makes them an unattractive choice for 
spin transport devices. 
In addition, organic compounds containing heavy metals are capable of producing charge 
scattering and trapping sites at the electrode/spacer interface and this can also contribute to the 
absence of GMR in spin-valves. Future spin transport measurements on a variety of transition 
metal-phthalocyanin molecules as a function of spacer thickness could provide more information 
on these issues. 
 
Conclusions 
We have studied the spin injection and transport properties of organic spin valves with two 
different organic spacers, namely Alq3 and CoPc, sandwiched between half-metallic LSMO and 
Co electrodes. While Alq3-based spin valves demonstrate clear and reproducible magnetic 
switching with almost 35% negative GMR, the CoPc-based spin valves do not show any GMR 
response. Magnetic and magnetotransport measurements of the FM/CoPc interface indicate that 
the ferromagnetic properties of the LSMO interface are improved by a reduction of dangling 
oxygen bonds, but detrimental charge trapping sites are formed due to adsorption of Co, N, and 
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C atoms. Diffusion of Co into the OS layer and chemical reactions between Co and the OS 
degrade the magnetic properties and spin injection properties of the Co top electrode. Finally, 
fast spin relaxation inside the CoPc spacer layer due to the presence of heavy Co atoms and 
associated strong spin-orbit coupling makes CoPc unsuitable for organic spin-valve devices. In 
summary, the absence of GMR in CoPc-based spin valves is explained by a combined effect of 
inefficient spin injection and poor spin transport.  
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